Light sheet microscopy promises to revolutionize developmental biology by enabling live in toto imaging of entire embryos with minimal phototoxicity. We present detailed instructions for building a compact and customizable Selective Plane Illumination Microscopy (SPIM) system. The integrated OpenSPIM hardware and software platform is shared with the scientific community through a public website, thereby making light sheet microscopy accessible for widespread use and optimization to various applications.
1
, overcomes many of the current limitations of common confocal and multiphoton microscopes: high phototoxicity, low acquisition speeds and poor depth penetration. In SPIM only a single slice of the sample is illuminated at a given time reducing phototoxicity to a minimum. This slice is imaged onto a fast and highly sensitive camera and a three-dimensional volume of several hundreds of micrometers is imaged in a few seconds. To resolve all parts of a millimeter sized sample equally well the SPIM features a unique rotational motor to turn the sample and image it from multiple directions. These features of SPIM make the instrument highly desirable for the growing group of life scientists studying phenomena in entire tissues, organs and embryos. [2] [3] [4] Recent developments in the optical construction of light sheet microscopes make it possible to capture every cell in the embryo throughout development resulting in large scale reference recordings of embryo anatomy. [5] [6] [7] [8] Reverse genetic techniques in major model organisms have matured to the point that fluorescent gene expression reporters can be generated on a genome-wide scale. [9] [10] [11] SPIM is ideally suited to capture definitive patterns of gene expression in the context of full embryo anatomy using these reporters. However, since animal genomes contain tens of thousands of genes, development can last many hours or days and since experiment replication is paramount for proper interpretation, it is necessary to increase the throughput of SPIM The initial version of the OpenSPIM setup implements a single sided illumination and single sided detection light sheet setup ( Fig. 1a-i ,a'-i'), the most basic realization of the SPIM principle, ready to be optimized for particular imaging tasks. The entire setup fits onto an optical breadboard of 30 x 45 cm (1' x 1'6") ( Fig. 1a) . In its simplest form the OpenSPIM offers one 488 nm laser line (Coherent Cube, Santa Clara, USA) (Fig. 1b) .
The illumination axis creates the light sheet as described previously (Fig. 1c-f) . 1, 12 The detection axis consists of a 20x/0.5 water dipping objective (Olympus, Tokyo, Japan)
attached via a custom made cylindrical spacer to a tube lens, c-mount, and a CCD camera (Hamamatsu Orca ER, Japan) ( Fig. 1g-i) . Emission filters can be easily inserted into a slit in the spacer (Fig. 1j) . The illumination and detection arms meet at 90 degrees angle in the water-filled sample chamber machined from acrylic according to the provided plans (Fig. 1k) . The 4D positioning system (Picard industries, Albion, USA) controls rotation and translation of the sample through the light sheet within the chamber (Fig. 1l) . The sample is mounted in agarose and extruded from a capillary fixed in position by a cut plastic syringe serving as sample holder (Fig. 1m) . The entire setup can be mounted inside a rack, or even inside a cabin sized suitcase.
The OpenSPIM is controlled via the popular Open Source microscopy control software µManager running on standard computer hardware ( Fig. 1n-p) . 13 We extended µManager to support the 4D positioning stage and to enable enhanced computer controlled sample positioning ( Fig. 1o ) (in addition to µManager's three-dimensional translation support via dragging or scrolling the mouse inside the live view, OpenSPIM also supports interactive rotation by moving the mouse while holding down the Alt key), synchronized laser and camera triggering and multi-view time-lapse acquisition ( Fig.   1p ). OpenSPIM's software operates as a µManager plugin and uses Fiji's software components for hardware control triggered by advanced image analysis (Fig. 1n) . The data for each acquired view are stored in separate OME-Tiff 14 files available for processing in any Open Microscopy Environment (OME) compliant software. Together with µManager, the OpenSPIM acquisition software is embedded in ImageJ's distribution Fiji 15 where the acquired data are available for bead based multi-view reconstruction and fusion 16 as well as further analysis (Fig. 1n) . Additionally, we use Fiji's update mechanism to distribute and update the OpenSPIM software components via OpenSPIM's own update site (Fig. 1n) . for multi-view light sheet imaging in biology ( Fig. 1) .
To demonstrate the ability of OpenSPIM to image large specimen we imaged a two days old zebrafish embryo expressing H2A-eGFP in all cells by acquiring six separate fields of view from one angle and stitching them together in Fiji ( Fig. 2a and
Supplementary Video 1)
. 17 OpenSPIM can capture fast biological processes such as beating zebrafish heart by acquiring a single plane in a continuous movie mode at the maximum frame rate of the camera ( The OpenSPIM was intentionally designed to be simple, compact, modular and accessible. The current OpenSPIM is limited to one sided illumination and detection (Fig. 3a) , however we intend to extend the original design to more advanced SPIM geometries (two sided illumination and/or detection) (Fig. 3b,c) as well as more OpenSPIM will make it possible to multiplex long-term time-lapse acquisitions by building several OpenSPIM setups operating in parallel (SPIM farm) (Fig. 3d) . Its simplicity makes it an excellent teaching tool, both for applying and building SPIM technology; OpenSPIM's components can be easily transported to a course or conference and built on site with the students using the wiki instructions. various levels and to contribute the experience and innovations to the scientific community. We envision that this will nucleate an interdisciplinary community where biologists interested in using SPIM imaging will interact with technology developers to bring to life innovative ideas for addressing complex scientific questions. Bottom right shows 3d rendering of Csp signal over time using a fixed threshold that isolates the stronger nervous system signal revealing striking relocation of the brain hemispheres during head involution.
http://openspim.org/File:Supplementary_Video_6.ogv
